Prior illumination in C02-free air enhances a respiration from maize (Zea mays L.) leaves different in onset and duration from the postillumination burst of photorespiration. Respiration of attached leaves during the dark-light-dark sequence of the experiment was measured by infrared gas analysis of CO2 efflux from leaves at 25 ± 1 C into CO2-free N2 containing 0.04%, 2.23%, or 40% 02, or into C02-free air in an acrylic plastic chamber. Rapid flushing at 10 1 min-' replaced air by other gas mixtures.
by 2.23 % nor 40% 02. Excision and subsequent uptake of distilled water through the vascular system nearly eliminated the enhanced respiration.
Several metabolites fed to excised leaves through the vascular system during illumination doubled or tripled the respiration of maize in darkness. The sensitivity to 2.23 % 02 of the respiration of glycolic acid in the dark imitated the sensitivity to 02 of attached leaves.
The respiration of glycolic acid was inhibited by a-hydroxy-2-pyridinemethanesulfonate.
While attached leaves and leaves fed glycolic acid both released little C02 into C02-free air in bright light, declining illuminance caused a larger and prompter C02 efflux from leaves fed glycolic acid than from attached leaves. Leaves fed glycolic acid plus 3-(p-chlorophenyl)-1,1-dimethyl urea released more C02 into C02-free air in bright light than did controls fed glycolic acid.
Photorespiration of leaves of photosynthetically inefficient species like tobacco is characterized by a rapid postillumination burst of CO2 and by a rapid efflux of CO2 in the light into CO2-free air (e.g., 3, 13, 19, 21) . Glycolate has been implicated as the substrate of this respiration (22) .
Photosynthetically efficient dicots and monocots do not show rapid and transient bursts of CO2 upon extinction of illumination, nor do illuminated leaves leak substantial CO2 into C02-free air (e.g., 7, 12, 20) . Dicots like Amaranthus edulis and Atriplex rosea display a postillumination burst of intermediate duration that is insensitive to 2% 02 (2, 5) . The monocot Zea mays L. displays a postillumination respiration sensitive to 0.04% 02 and having a much slower onset and longer duration than that of inefficient dicots or of the efficient dicots noted above (12) .
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In the present paper I report the effects of varying 02 concentration upon the respiration in maize that is stimulated by prior illumination. Since the sensitivity to low 02 of the lightstimulated dark respiration was similar to that of photorespiration, the outcome of feeding glycolic acid and other metabolites to excised leaves was examined.
MATERIALS AND METHODS
Dark respiration was measured from attached or excised leaves of the maize (Zea niays L.) hybrid Wf9 X Pa83. The leaves were young, recently expanded to 300 to 500 cm2, and grown in a room ventilated with ambient air ( Respiration of attached leaves during the dark-light-dark sequence of the experiment was measured by infrared gas analysis of CO2 efflux from leaves at 25 ± 1 C into CO2-free N2 containing 0.04%, 2.23%, or 40% 02, or into C02-free air in an acrylic plastic chamber. Rapid flushing at 10 1 min-' replaced air by other gas mixtures.
Respiration of excised leaves was measured as outlined above except for the following changes. Leaves were excised from the plant and recut beneath air-free distilled H20 in a beaker resting on the pan of a balance. The leaf was sealed into the chamber with the cut end of the leaf suspended in the beaker so that movement of solution into the leaf could be continuously monitored. In leaf-feeding experiments, the rates of respiration and steady transpiration were first established with the leaf in distilled H20, and before illumination the H20 was quickly replaced with 50 mm solutions of metabolites or with solutions containing the inhibitors HPMS1 or CMU. After illumination the pattern of respiration caused by each metabolite was then established using the protocol developed for attached leaves. During the respiration of some compounds. the 02 concentration was altered as previously described for attached leaves.
The total volume of the heat exchange unit and chamber was 8.4 liters, giving a volume to leaf area ratio of approximately 20 cm2 cm-2. Relative humidity was 50 ± 5% during the experiments. Leaves were usually illuminated for 20 min at 0.38 cal cm-2 min-' (400-700 nm) during the dark-light-dark sequence to provide energy to stimulate influx of solutions of metabolites and respiration in the subsequent dark period. To measure the response to light of CO2 efflux during the illumination, illumination was attenuated with successive layers of fine screen or cheesecloth, and the illuminance incident upon the leaf was measured with a Weston Model 756 illumination meter.
Respiration was measured until the peak of respiration following illumination was attained. Thereafter, respiration continuously declined until a steady rate was established. Rapid recirculation of 11.4 liters of air sec-1 and 3.5 m sec-' ventilation in the chamber assured fast response of the analyzer to a change in respiration. Air was admitted and removed continuously at 1.7 liters min-' for CO2 analysis. Decreasing respiration was measured by periodically flushing the chamber and establishing new equilibria at 1.7 liters min-'. Steady respiration was always measured at 1.7 liters min-1. This procedure assured that decreasing respiration was not confounded with the slow purge rate.
A gas sample of 1.0 liter min-' was dried with magnesium perchlorate before analysis, and the remaining gas was exhausted through a restricted orifice to maintain 1.0 cm H20 pressure in the chamber. The rate of respiration (mg dm-2 hr-h) was computed from the CO2 concentration in the input and exit gas streams, net flow through the chamber, and leaf area. All measurements were replicated at least three times unless otherwise stated, and representative results are presented. TIME(hr) 2 3 TI ME(hr) RESULTS 02 Concentration and CO2 Efflux from Attached Leaves. Leaves that were in air and darkness for 12 hr before the experiments evolved CO2 slowly and steadily into CO2-free air (Fig. lc) . Following illumination CO2 evolution increased to a maximum after 20 to 30 min, and then gradually decreased to the slow and steady rate after about 2 hr; this behavior substantiated that previously reported (12) . The slow and steady CO2 efflux in darkness prior to and 2 to 3 hr after illumination is called the "base rate" to conform with prior usage (12) . Similarly, the maximum rate of CO2 evolution reached 20 to 30 min after darkening is called the "peak rate" in this paper. The "total respiration" induced by the brief period of illumination was estimated as before (12) by integrating the area under the peak as in Figure lc but above the base rate.
The base rate was suppressed and the peak rate was eliminated by 0.04% 02 compared with the control (Fig. 1, a and c ).
In the control the peak rate was 120% greater than the base rate, but in 2.23% 02 the peak was only 60% greater than the base rate (Fig. 1, b After feeding metabolites to the leaf during the light, the course of CO2 efflux after darkening was qualitatively similar to that of attached leaves (Fig. 2) . All metabolites stimulated CO2 efflux equal to or more than CO2 efflux of attached leaves, and several-fold more than of excised leaves (Table I) . Glycolic acid, glycine, malic acid, and potassium bicarbonate doubled or tripled the peak rate compared to the attached leaf. The stimulation of CO2 efflux by potassium acetate and glucose was as slow as rates reported for tobacco (15) . The initial acceleration of CO2 efflux after darkening was greatest with those metabolites causing the greatest stimulation of CO2 efflux. The accelerated respiration of serine, glucose, and potassium acetate was less than that of the attached leaf. Surprisingly, the stimulation of CO2 efflux of maize by glycolic acid in my experiments exceeded the stimulation previously found for tobacco, wheat, and oats (4, 15) , all species presumably using glycolic acid as a substrate of photorespiration.
Only CO2 efflux from glycolic acid was suppressed by 2.23% 02 like the CO2 efflux of attached leaves. This shows that the utilization of glycolic acid by maize leaves involves oxidation and suggests that glycolic acid plays a role in the respiration of maize after darkening. Other features of the CO2 efflux stimulated by feeding glycolic acid to the leaf were examined.
Prolonged Feeding of Glycolic Acid. Glycolic acid was fed to a corn leaf during two and one-half light-dark cycles spanning 5 hr (Fig. 3) . The stimulation of C02-efflux in darkness by glycolic acid was repeated after each exposure to light. The pattern of CO2 efflux was not clearly related to the rate of influx of glycolic acid during the light-dark cycles, nor was the rate of CO2 efflux modified by the accumulation of glycolic acid in the leaf. Although the leaf absorbed a large quantity of glycolic acid during the experiment, illumination abruptly interrupted CO2 efflux. The C02-fixation during the light reduced CO2 efflux nearly to levels of attached and excised con- (Figs. 2 and 3) . Feeding glycolic acid to maize failed to induce a rapid postillumination burst of photorespiration. 02 and Glycolic Acid Oxidation. A leaf in air that absorbed glycolic acid during the light evolved CO2 about 3-fold more rapidly than the base rate in darkness (Fig. 4a) . Subsequently the leaf was illuminated and absorbed glycolic acid in 2.23% 02, but the stimulation of CO2 efflux in 2.23% 02 after darkening was only 50% of the leaf in air (Fig. 4b) . After the darkened chamber was rapidly flushed with air for 6 min, the rate of CO2 efflux in darkness rose nearly to the level previously observed in air (Fig. 4c) . Lastly, the leaf was illuminated and absorbed glycolic acid in 40% 02, but the stimulation of CO, efflux in darkness was no greater than in air (Fig. 4d) . Feeding glycolic acid to the leaf in 40% 02 did not induce a rapid postillumination burst of CO2. Regardless of the 02 concentration in the atmosphere, in all treatments CO2 fixation during light reduced CO2 efflux nearly to levels in attached and excised control leaves.
Thus, the suppression of glycolic acid oxidation by 2.23% 02 reported in Table I (Figs. 2 and 5A ). CO2 efflux in darkness from an excised leaf fed glycolic acid in light was about four times the base rate, but CO2 efflux from a leaf fed HPMS and glycolic acid was only two times the base rate ( colic acid, and the inhibition is similar to the suppression of glycolate oxidation by 2.23%02-The inhibitor also causes stomatal closure, but at the concentration of HPMS used in this experiment stomata remained open in the first light period. CO2 efflux from leaves fed solutions containing HPMS reached a maximum by the time stomata had closed after illumination (Fig. 5, A and B) . Stomata were nearly closed during the second light period, but CO uptake in light reduced C02 efflux nearly to levels of control leaves. In the second dark period when the stomata were nearly closed, CO. efflux mirrored that of the first dark period.
Light is not essential to demonstrate uptake of HPMS and inhibition of glycolate oxidation. Leaves having open stomata and therefore rapid solution influx in C02-free air and darkness show rapid onset of C02 efflux 3 to 4 min after supplying the leaf with glycolic acid (Fig. 6A) . In leaves fed HPMS and glycolic acid the onset of CO2 efflux is equally rapid; but 9 to 10 min after feeding, the rate of C02 efflux diminishes and subsequently is progressively inhibited (Fig. 6B) . Rates of solution influx remained steady during this study. 6 . Influx of solution into excised leaves (triangles) and respiration into CO2-free air in darkness from leaves (circles) fed (A) 50 mM glycolic acid in darkness, and (B) 4 mM HPMS plus 50 mM glycolic acid in darkness. Stable rates of solution uptake and respiration into C02-free air were initially established on excised leaves in air-free distilled H20, and the arrows indicate transfer to solutions. Treatments started at zero time.
Thus, two sets of experiments show that HPMS will inhibit glycolate oxidation by maize independent of stomatal closure. The results from varying the 02 environment and from using HPMS suggest that much, but not all, of the C02 efflux stimulated by feeding maize leaves glycolic acid originates from a pathway containing glycolate oxidase.
Inhibition of C0,-Assimilation by CMU. C02 efflux in darkness from excised leaves fed 0.1 mm CMU in light is similar to excised controls (Figs. 2 and 7A) . However, C02 efflux into C02-free air in the light from leaves fed 0.1 mm CMU slowly but consistently increased through four successive light periods. Stomata were open during the first light period, but closed 40 min into the second dark period and thereafter remained closed.
CO2 efflux in darkness from excised leaves fed 0.1 mm CMU and glycolic acid was greatly stimulated compared to the base rate and to the control leaves through four succecsive lightdark cvcles (Figs. 3 and 7B) . CO efflux into C02-free air in the livzht from leaves fed 0.1 mm CMU and glycolic acid
FtT-dilv incre-ed throughout four svccessive light periods and Initially glycolic acid was fed to a leaf during one cycle of high light, then I successively reduced illuminance from 4000 ft-c to darkness and measured the steady CO2 efflux at each step (Fig. 8 ). An attached leaf treated similarly was the control. As illuminance decreased below 360 ft-c, CO2 efflux from (9, 10, 23) , but the role of glycolic acid in the respiratory metabolism of maize is less clear. My data suggest a role of glycolic acid or a derivative of glycolic acid in the respiration of maize leaves after darkening. The identification of glycolic acid oxidation in darkness is based on two types of evidence: (a) the sensitivity to HPMS of CO2 efflux trom maize leaves fed glycolic acid through the vascular system (Figs. 5 and 6), and (b) the sensitivity to 2.23% 02 of CO2 efflux from leaves fed glycolic acid (Fig. 4) . Evidence (b), imitating the pattern and 02 response of CO2 efflux from attached leaves after darkening by feeding leaves glycolic acid, implicates this metabolite in respiration and suggests that glycolic acid was synthesized in the light by maize and subsequently used as a substrate of dark respiration in previous experiments (12) . Photorespiration is normally enhanced by 40% 02, but respiration of glycolic acid by maize and respiration of attached leaves in darkness were not stimulated by 40% 02 compared with air. No ready explanation is apparent for this observation, but perhaps the glycolate oxidase of maize differs from that of species like tobacco that photorespire more vigorously.
The rates of glycolic acid oxidation and the stimulation of respiration I report are substantially greater than rates previously reported from feeding salts of glycolic acid to maize (4, 15) . The greatest potential for glycolic acid metabolism in maize resides in organelles of the bundle sheath cells (8, 18) . Permeability of the vascular tissue to organic salts may have limited glycolate utilization in the previous reports, for I show that potassium glycolate is less readily oxidized than the free acid (Table I) .
At 2 to 3 mg CO2 dM-2 hr', the rates of glycolic acid oxidation by maize in darkness are similar to the photorespiratory CO2 efflux by tobacco that presumably arises from glycolate oxidation in the light (13) . Since CO2 efflux into C02-free air in light is only one-third of the probable rate of photorespiration (24) , the rate of glycolic acid oxidation by maize is compatible with the finding that the activity of glycolate oxidase in maize is about one-third that of photorespiring species (17) .
Inhibition of Respiration by Light versus Reassimilation of CO2. Some (e.g., 7) contend that light inhibits or completely suppresses the CO2 efflux from respiration in leaves of maize, while others (e.g., 1, 5) suggest that the respiratory CO2 is reassimilated. The consistent increase of CO2 efflux into C02-free air from leaves fed 0.1 mM CMU (Fig. 7A) , suggests that reassimilation of the CO2 normally released by respiration is being inhibited. The poisoning of photosynthetic CO. reassimilation by CMU is even more pronounced in leaves offered CMU and glycolic acid as a readily oxidized substrate (Fig.  7B) .
The CO2 efflux into CO2-free air in the light shows a response to illuminance (Fig. 8) . This shows that CO2 efflux during light decreases as CO2 assimilation increases and suggests that respiratory CO2 efflux from maize in light, like the functioning of the citric acid cycle in Scenedesmus (14) , does not cease. Moreover, the results emphasize that CO2 efflux in the light is not stimulated in excess of reassimilation by light, contrary to photorespiration, even when the substrate of photorespiration is plentiful. Thus, maize has the capacity to reassimilate CO2 derived from internal sources, even when the rate of internal CO2 release may equal or exceed conventional values for rates of photorespiration. Alternatively, oxidation of glycolic acid by maize may be blocked in the light (23) .
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